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1. INTRODUCTION {#ece36376-sec-0001}
===============

The nuclear accident at Chernobyl in April 1986 caused widespread contamination by a large number of radionuclides that generate ionizing radiation. Such radiation is mutagenic and toxic for living organisms either by direct damage to the DNA or by generating reactive oxygen species (ROS) within cells that attack the DNA and other cellular components (Einor, Bonisoli‐Alquati, Costantini, Mousseau, & Møller, [2016](#ece36376-bib-0011){ref-type="ref"}). Much DNA damage due to radiation can be repaired, and genome integrity following radiation damage can be restored by cellular repair systems. Species vary greatly in their ability to repair radiation damage (review in Garnier‐Laplace et al., [2013](#ece36376-bib-0016){ref-type="ref"}; Gladyshev & Meselson, [2008](#ece36376-bib-0022){ref-type="ref"}; Lehmann, Boratynski, Mappes, Mousseau, & Møller, [2016](#ece36376-bib-0029){ref-type="ref"}; Rivasseau et al.., [2013](#ece36376-bib-0044){ref-type="ref"}) as do populations (Azizyan & Ter‐Hovhannesyan, [2010](#ece36376-bib-0003){ref-type="ref"}; Cordeiro, Marques, & Veiga‐Neto, [1973](#ece36376-bib-0009){ref-type="ref"}) or lines within species (Vaisnav et al., [2014](#ece36376-bib-0053){ref-type="ref"}).

Radioactive contamination in and around the Chernobyl accident site affects natural populations and communities of many different taxa, increasing mutation rates in birds and plants (Ellegren, Lindgren, Primmer, & Møller, [1997](#ece36376-bib-0012){ref-type="ref"}; Kovalchuk, Dubrova, Arkhipov, Hohn, & Kovalchuk, [2000](#ece36376-bib-0028){ref-type="ref"}; Møller, Bonisoli‐Alquati, & Mousseau, [2013](#ece36376-bib-0032){ref-type="ref"}; Møller & Mousseau, [2015](#ece36376-bib-0037){ref-type="ref"}), decreasing individual fertility (Møller, Bonisoli‐Alquati, Mousseau, & Rudolfsen, [2012](#ece36376-bib-0033){ref-type="ref"}) and increasing mortality (Møller, Bonisoli‐Alquati, Rudolfsen, & Mousseau, [2012](#ece36376-bib-0034){ref-type="ref"}) in birds, and modifying community composition (Møller & Mousseau, [2011](#ece36376-bib-0036){ref-type="ref"}) and influencing ecosystem functioning (Mousseau, Milinevsky, Kenney‐Hun, & Møller, [2014](#ece36376-bib-0039){ref-type="ref"}). Some studies have suggested that diverse organisms, including bacteria, plants, and birds, have adapted to radiation following long‐term exposure (Kovalchuk et al., [2003](#ece36376-bib-0027){ref-type="ref"}, Kovalchuk, Abramov, Pogribny, & Kovalchuk, [2004](#ece36376-bib-0026){ref-type="ref"}, Galván et al., [2014](#ece36376-bib-0015){ref-type="ref"}, Ruiz‐González et al., [2016](#ece36376-bib-0046){ref-type="ref"}; see Geras\'kin, Evseeva, & Oudalova, [2013](#ece36376-bib-0019){ref-type="ref"}, Møller & Mousseau, [2016](#ece36376-bib-0038){ref-type="ref"} for reviews). Indeed, populations from sites with high natural levels of ionizing radiation (Azizyan & Ter‐Hovhannesyan, [2010](#ece36376-bib-0003){ref-type="ref"}; Cordeiro et al., [1973](#ece36376-bib-0009){ref-type="ref"}) or from sites contaminated with radioactivity by human activity sometimes show greater resistance to radiation (Boubriak et al., [2008](#ece36376-bib-0005){ref-type="ref"}; Geras'kin et al., [2005](#ece36376-bib-0017){ref-type="ref"}; Ruiz‐González et al., [2016](#ece36376-bib-0046){ref-type="ref"}) or other mutagens (Kovalchuk et al., [2004](#ece36376-bib-0026){ref-type="ref"}) than do those from more pristine environments. These findings, together with evolution experiments (Byrne et al., [2014](#ece36376-bib-0007){ref-type="ref"}), indicate that radiation resistance can evolve in response to long‐term exposure. However, Ukrainian and Russian studies at Chernobyl were generally based on comparisons between one single contaminated and one control site, making it impossible to draw any conclusion (Møller & Mousseau, [2016](#ece36376-bib-0038){ref-type="ref"}). Therefore, there is no convincing evidence that shows an overall tendency for radiation resistance to evolve in response to human‐induced radioactive exposure (Syomov, Ptitsyna, & Sergeeva, [1992](#ece36376-bib-0052){ref-type="ref"}, Pimentel, Levine, Cruces, & Salceda, [2003](#ece36376-bib-0042){ref-type="ref"}, Geras'kin et al., [2011](#ece36376-bib-0018){ref-type="ref"}; see Geras\'kin et al., [2013](#ece36376-bib-0019){ref-type="ref"} and Møller & Mousseau, [2016](#ece36376-bib-0038){ref-type="ref"} for reviews). Response may vary with the type of radiation. For example, resistance appears to evolve in response to selection imposed by β and γ, but not to α radiation (Boubriak et al., [2008](#ece36376-bib-0005){ref-type="ref"}; Syomov et al., [1992](#ece36376-bib-0052){ref-type="ref"}). Thus, the question as to whether and under which circumstances radioresistance evolves remains open, demanding further studies with well‐designed experiments. However, one may in contrast expect organisms exposed to chronic radiation to have accumulated DNA damage that renders them particularly sensitive to further damage by radiation exposure. Addressing these questions will be particularly important for predicting long‐term outcomes of contamination from human activities.

Fungi are particularly interesting in this context. Fungi with melanized hyphae show high resistance to γ radiation (Saleh et al., [1988](#ece36376-bib-0047){ref-type="ref"}). Several fungi have been isolated from within the Chernobyl reactor 4 (Zhdanova, Zakharchenko, Vember, & Nakonechnaya, [2000](#ece36376-bib-0056){ref-type="ref"}), and the reactor strains of the filamentous fungus *Alternaria alternata* show far higher resistance to γ radiation in laboratory experiments than samples from other sites (Mironenko, Alekhina, Zhdanova, & Bula, [2000](#ece36376-bib-0031){ref-type="ref"}). Furthermore, the corn‐smut fungus *Ustilago maydis* is the eukaryote with the greatest known resistance to ionizing radiation (Holliday, [2004](#ece36376-bib-0023){ref-type="ref"}). The insect‐vectored anther‐smut fungus, *Microbotryum lychnidis‐dioicae*, occurs at Chernobyl, where it castrates its host plant *Silene latifolia*. We have previously investigated patterns of infection in the field and found low prevalence at more contaminated sites that appeared in part due to a paucity of vectors in areas of intermediate contamination, and in part due to poor transmission independent of vector availability at the most contaminated sites (Aguileta et al., [2016](#ece36376-bib-0001){ref-type="ref"}). Genome sequence data even revealed a tendency for lower substitution rates at the more contaminated sites, suggesting more efficient purifying selection despite the smaller effective population sizes associated with lower prevalence (Aguileta et al., [2016](#ece36376-bib-0001){ref-type="ref"}). Though apparently lacking melanin as a protective mechanism, *M. lychnidis‐dioicae* from more contaminated sites suffered no change in viability, budding rates of haploid sporidia, mutation rates, or chromosomal aberrations, as assessed from genome sequencing and fertility estimates (Aguileta et al., [2016](#ece36376-bib-0001){ref-type="ref"}).

Here, we explore the ability of these same strains, isolated from a gradient of contamination levels, to infect plants and, for a subset of these strains, to resist single high doses of radiation under controlled conditions. More specifically, we pose the following questions relating to resistance to ionizing radiation: (a) Do strains isolated from areas with high levels of contamination have lower fitness, that is, lower ability to infect their host plants, due to radiation received during their lifetime? To address this question, we experimentally inoculated plants with fungal strains from sites with a 700‐fold range of radiation levels. (b) Do populations isolated from areas with higher contamination level show higher or lower tolerance to ionizing radiation? This examines whether chronic exposure over the three decades since the Chernobyl accident has allowed increased tolerance to evolve or in contrast rendered the fungus more sensitive to acute radiation. To address this question, we submitted some of our fungal strains to experimental high radiation doses from a caesium‐137 γ source. Caesium‐137 was one of the common isotopes released in the Chernobyl explosion, and it is and will remain, for the next few hundred years, one of the principal radioactive contaminants near both the Chernobyl and Fukushima accident sites. Assessment of biological data and their significance relies on three different frequentist approaches that either use significance testing (Everitt, [2002](#ece36376-bib-0013){ref-type="ref"}; Neyman, [1937](#ece36376-bib-0040){ref-type="ref"}), Akaike\'s information criterion (Akaike, [1981](#ece36376-bib-0002){ref-type="ref"}; Burnham & Anderson, [2002](#ece36376-bib-0006){ref-type="ref"}), or comparison of effect sizes (Cohen, [1988](#ece36376-bib-0008){ref-type="ref"}). These are very general approaches, and there is no consensus as to which approach is "best." Here, we present and discuss effect sizes that have the great advantage of providing judgments of whether effects can be considered to be small (accounting for 1% of the variance), intermediate (accounting for 9% of the variance), or large (accounting for 25% of the variance; Cohen, [1988](#ece36376-bib-0008){ref-type="ref"}).

2. MATERIALS AND METHODS {#ece36376-sec-0002}
========================

2.1. Sampling {#ece36376-sec-0003}
-------------

During regular fieldwork from 2013 to 2014 in and around the Chernobyl exclusion zone, we collected unopened buds from diseased *Silene latifolia* into individual paper or glassine envelopes and placed them in plastic (Ziplock) bags containing silica gel (Table [A1](#ece36376-tbl-0001){ref-type="table"}). GPS coordinates were recorded for each site where diseased plants were collected, and the level of ambient radiation was measured at ground level three to five times at each location with a hand‐held dosimeter (Inspector; SE International, Summertown, TN). Mean radiation estimates from these data were then used for each location. Measurements of ambient dose are strongly positively correlated with internal dose for a wide range of organisms (Omar‐Nazir et al., [2018](#ece36376-bib-0041){ref-type="ref"}). For the following experiments, we used spores from 18 different strains---15 from Chernobyl, from areas with radioactive contamination varying 700‐fold, from 0.03 µSv/hr to 21.03 µSv/hr, and three control strains from uncontaminated sites but belonging to the same Central‐Eastern European genetic cluster as the Chernobyl strains (Vercken et al., [2010](#ece36376-bib-0054){ref-type="ref"}). Though we have some samples from highly contaminated sites, infection is rarer and prevalence is lower with increasing contamination (Aguileta et al., [2016](#ece36376-bib-0001){ref-type="ref"}). Therefore, the frequency distribution of samples across contamination levels is skewed, with more observations at lower contamination. When several strains were collected in some populations (same first number in their ID in Table [A1](#ece36376-tbl-0001){ref-type="table"}), they were collected from different plants and therefore represent different individuals as the fungus has to undergo sex before infecting a new plant (Schäfer, Kemler, Bauer, & Begerow, [2010](#ece36376-bib-0048){ref-type="ref"}).

2.2. Inoculation experiment {#ece36376-sec-0004}
---------------------------

Seeds of *Silene latifolia* were harvested from a local population growing on the Paris‐Saclay University campus (Orsay, France) in summer 2015, before French laws on Nagoya protocols were issued. Seeds were surface‐sterilized in a solution containing 12 g/L calcium hypochlorite and 4 g/L sodium hydroxyl for 20 min, then washed with the sterilizing solution diluted 10 times with sterile tap water. Batches of approximately 50 seeds were then spread onto each of 38 petri dishes (9 cm diameter) containing 1% water agar (two petri dishes for each of 18 fungal strains plus two control petri dishes without fungal inoculation; Table [A1](#ece36376-tbl-0001){ref-type="table"}). On 8 March 2016, 36 of the petri dishes were inoculated, two with each of the 18 fungal strains as follows. To ensure that we were working with single diploid fungal genotypes from each collection site, we used spores from a single flower for each inoculation treatment, because a single fungal genotype parasitizes each stem, and hence, only one genotype is present per flower, even of plants that are infected with several fungal strains at the same time (López‐Villavicencio et al., [2007](#ece36376-bib-0030){ref-type="ref"}). For each of the 18 fungal strains used for inoculation, four anthers from a single unopened bud were placed in a 2‐mL Eppendorf tube with 1 ml of sterile tap water and vortexed. Then, 500 µl of this spore suspension was added to two petri dishes containing seeds and agitated gently to ensure an even distribution of the spores. Two petri dishes were left without fungal spores as controls. All petri dishes were left at room temperature (approximately 20°C) with ambient light (approximately 12‐hr daylight at that time of year), near a window, for 2 weeks (i.e., under indoor conditions of temperature variation and light). Sterile tap water was added as needed. This inoculation protocol allows seeds to germinate in a suspension of teliospores and sporidia, which are produced when teliospores germinate. Dikaryotic hyphae produced after sporidia conjugation then infect the seedlings, and plants become systemically infected. The two petri dishes used per strain did not represent statistical replicates and were only used to ensure sufficient inoculated seedlings that were then planted and randomized in the greenhouse. Each fungal isolate associated with the level of contamination measured at its collection site was represented by a single estimate of percentage of diseased plants. Though spore number per anther may vary, possibly even as a function of contamination level at the collection site, we consider that all inoculation treatments delivered a large surplus of spores with regard to the limiting infection dose, since previous counts, admittedly on plants from uncontaminated areas (Kaltz & Shykoff, [2002](#ece36376-bib-0025){ref-type="ref"}), found approximately 2 × 10^6^ spores per anther. Therefore, infection success was unlikely to be limited by spore number. Spore viability, and ability to germinate and undergo meiosis to produce haploid spores that can replicate, conjugate, and infect were probably more important.

Two weeks after seed inoculation, between 30 and 60 seedlings for each inoculated strain and for the control treatment were planted into 0.1‐L plastic pots containing saturated potting soil. The variation in the number of seedlings was due to the contamination of a couple of petri dishes by a damping‐off fungus. Each seedling was covered with a small plastic cap for 3 days to maintain high humidity and individually labeled with the inoculated fungal strain. After 3 days, the caps were removed and plants were kept on a greenhouse bench in an unheated greenhouse with natural light (approximately 12 hr of daylight in late March) and watered ad libitum until they had formed rosettes of about 6 leaves. Then, pots were randomized across inoculation treatments and placed directly onto the natural soil floor in the main compartment of our experimental greenhouse. Thus, it was unnecessary to transplant the plants into larger pots because their roots could pierce the plastic pots. As soon as the first plants bolted, starting on 11 May 2016, plants were observed daily except on weekends until 31 July 2016, then once per week until 1 September 2016. As each plant flowered, we noted whether it flowered healthy or diseased (Table [A2](#ece36376-tbl-0002){ref-type="table"}) and then removed it to prevent secondary disease transmission.

2.3. Irradiation experiment {#ece36376-sec-0005}
---------------------------

Haploid yeast‐like sporidia of *M. lychnidis‐dioicae* can be readily cultured on nutrient medium. Sporidial cultures for all 18 strains had previously been established from a single anther from an unopened bud to ensure that we cultivated a single diploid genotype (López‐Villavicencio et al., [2007](#ece36376-bib-0030){ref-type="ref"}). These teliospores were suspended in sterile tap water and plated on potato dextrose agar (PDA). Under these conditions, teliospores germinate and undergo meiosis, generating haploid meiotic products from the same diploid individual. These sporidial cultures were then frozen at −20°C in Eppendorf tubes filled with silica gel. We defrosted only nine of the 18 strains (seven strains from the Chernobyl area and two control strains; Table [A3](#ece36376-tbl-0003){ref-type="table"}), because it was impossible to count colony numbers for survival estimates for more than nine strains the same day. We cultured the nine strains by spreading them on potato dextrose agar (PDA) plates. After 20 days at 20°C at constant light, we inoculated 10 ml of liquid medium (PDB, potato dextrose broth) with an inoculation loop and incubated PDB while agitating at 20°C for 3 days. The day before irradiation, we inoculated 0.5 ml of each culture in 10 ml of fresh PDB and incubated while being agitated at 20°C. A total of 10 μl of each of the cultures was allocated randomly across the first nine wells of each of five 96‐well microtiter flat plates. Four of these microtiter plates were allocated to radiation treatments. Samples were exposed to four different doses of radiation with a GSR_D1 (GSR Cs137/C) γ irradiator (Experimental Radiotherapy Platform, Institut Curie, Bâtiment 112, 91405 Orsay Cedex, France) equipped with a 137Cs source to deliver radiation at a dose rate of 17.178 Gy/min: 30‐min exposure, 0.515 kGy; 1‐hr exposure, 1.031 kGy; 2‐hr exposure, 2.062 kGy; and 3‐hr exposure, 3.093 kGy. The control plate (no radiation) was not exposed but was placed close to the irradiator in the same room for the same period of time as the radiation treatment plates to ensure similar environmental conditions. After treatment, 10 μl from each individual culture was serially diluted into wells containing 90 μl of PDB in a new microtiter plate to obtain dilution from 1/10 to 1/10,000. For each sample and dilution level, 5 μl of the culture was plated on each of three PDA plates. These three plates were not independent replicates and were plated to have at least one without contamination by bacteria. After 24‐hr growth at 20°C, the plates were examined and the dilution level that allowed individual colonies to be easily distinguished was chosen for each strain and treatment. Colony‐forming units (CFUs) were counted under a binocular microscope for as many of the three plates per strain and treatment as possible, some being uncountable because of contamination with bacteria. The number of viable *M. lychnidis‐dioicae* cells per initial solution was estimated by multiplying the number of CFUs by the corresponding dilution factor. Counts of the control plates, without experimental irradiation, were used as a baseline for the treatment counts, to provide estimates for the number of viable spores in each solution in the absence of effects of radiation treatments. Counts of the different plates for the same strain and treatment combinations were highly repeatable (see Results), so having fewer plates per strain should have had little effect on the accuracy of viability estimates, and did not affect sample size, because we used the mean of the different plates for each strain and treatment combination.

2.4. Statistical analyses {#ece36376-sec-0006}
-------------------------

We ran statistical analyses using JMP v. 12.0 (SAS Institute). Data were transformed to obtain approximately normally distributed variables, following standard transformations (Sokal & Rohlf, [1995](#ece36376-bib-0050){ref-type="ref"}): arcsine transformation for proportion data, that is, the infection rates, and log transformations for cell counts and radiation at the field site where each fungal strain had been collected. Arcsine transformation is calculated by computing the arcsine of the square root of the proportion. For radiation at field site, we used the log10 of (radiation + 0.001), which greatly improved the skew, giving the least clumping of data for low values of radiation. For the viability data from the irradiation experiment, we log‐transformed the raw count data corrected by dilution for each plate. To estimate sporidia viability, we calculated the difference in the log‐transformed viable cell number between each irradiated plate and each control plate of the same strain, then calculated the mean and standard deviation of those differences. This gave a measure of the variation in this estimate.

We performed a linear regression, weighted by sample size, of the arcsine‐transformed infection rates of our greenhouse‐inoculated plants on the log radiation at the field site where each fungal strain had been collected to test whether infection success under experimental conditions varied with level of radiation exposure where the fungal strain originated.

We performed one‐way ANOVAs for testing the repeatability of cell counts for the repeat plates within treatment and strain combinations to check that our counting method was reliable.

To test whether radiation level at the field site where the fungal strains had been collected impacted the inherent viability or replication rates of their haploid sporidia, we regressed the mean of log counts of sporidia in the control treatment without experimental radiation on the log of the field radiation level. We performed ANCOVA to test the effect of irradiation treatment on sporidia viability, with radiation levels at the field sites of collection of the strains as a covariate. This permitted us to ask the questions whether the viability of haploid sporidia differed depending on the experimental irradiation dose, whether fungal strains collected at sites differing in ambient radiation dose rate varied in the viability of their haploid sporidia, and whether there was an interaction between the factor and the covariate.

We further calculated and reported effect sizes for all statistical analyses converting F‐statistics to Pearson\'s product--moment correlation coefficients. This was done with Pearson *r* = (*F*/(*F* + *df* denominator) (Rosenthal, [1994](#ece36376-bib-0045){ref-type="ref"}). The squared Pearson\'s r reflects the proportion of the variance explained. Cohen ([1988](#ece36376-bib-0008){ref-type="ref"}) has used such effect sizes as a simple yardstick for the magnitude of effects, calling effect sizes small when less than 1% of the variance is explained, intermediate when 1%--9% of the variance is explained, and large when \>25% of the variance is explained.

3. RESULTS {#ece36376-sec-0007}
==========

3.1. Infection experiment {#ece36376-sec-0008}
-------------------------

None of the control plants became diseased. Of the inoculated plants, 534 flowered, 162 of which were diseased, yielding an infection rate of 30.3% of the plants that flowered. Only about half of both control and inoculated plants flowered, which is typical for *S. latifolia* in the first year of this perennial plant (Giraud, Jonot, & Shykoff, [2005](#ece36376-bib-0020){ref-type="ref"}; Kaltz, Gandon, Michalakis, & Shykoff, [1999](#ece36376-bib-0024){ref-type="ref"}), but at least 25 plants from each fungal strain treatment flowered, so estimates of infection rate are reliable. Infection success varied considerably, from 11.5% to 77.8%, across the 18 fungal strains (Table [A2](#ece36376-tbl-0002){ref-type="table"}). Strains from more contaminated sites infected less well than those from pristine or less contaminated ones, as shown by the regression (Figure [1](#ece36376-fig-0001){ref-type="fig"}; *F* ~(1,16)~ = 6.19, *p* = .024, slope ± *SE* = −0.069 ± 0.028, *R* ^2^ = .28) and a large effect size of 0.528 explaining 28% of the variance.

![Proportion (arcsine‐transformed) of plants with disease symptoms following inoculation with *Microbotryum lychnidis‐dioicae* as a function of ambient radiation level at the collection site of the fungal strains (log‐transformed). Proportion infection is a single value of for a given strain, representing the total number of diseased plants over the total number of plants inoculated by this strain. Strains of the anther‐smut fungus from more contaminated sites infected plants less well than those from less contaminated or control, uncontaminated sites. *F* ~(1,16)~ = 6.20, *p* = .024, slope ± *SE* = −0.069 ± 0.028, *R* ^2^ = .28, effect size = 0.528. The red line is the linear regression line. The control sample originating from sites without field radiation is indicated at left](ECE3-10-6409-g001){#ece36376-fig-0001}

3.2. Irradiation experiment {#ece36376-sec-0009}
---------------------------

Experimental radiation exposures of 2,000 Gy or more yielded almost no viable sporidial colonies. Therefore, we restricted our analyses to the controls and the 30‐ and 60‐min exposures (about 500 and 1,000 Gy total dose). Counts from the different plates from the same strain and irradiation treatment were significantly repeatable (control: *F* ~(8,14)~ = 3.56, *p* = .018, large effect size = 0.45, accounting for 20% of the variance; 30‐min exposure: *F* ~(8,15)~ = 10.76, *p* \< .0001, large effect size = 0.65, accounting for 42% of the variance; 60‐min exposure: *F* ~(8,18)~ = 27.68, *p* \< .0001, large effect size = 0.78, accounting for 61% of the variance; Table [A3](#ece36376-tbl-0003){ref-type="table"}). We therefore used means of repeated measures in further analyses.

We found no significant relationship between the control cell count numbers and the level of contamination of the site from which the strain had been collected (*F* ~(1,7)~ = 1.98, *R* ^2^ = .22, *p* = .2). However, the effect size was quite large, at 0.47, accounting for 22% of the variance, and the sporidia number actually increased, if anything, with field radiation level (Figure [2](#ece36376-fig-0002){ref-type="fig"}). Since we counted the same‐size aliquot for each sample after identical culture techniques of spores from a single anther, this suggests that those rare infections at sites with higher contamination levels produced diseased flowers with anthers bearing comparable or even higher numbers of spores with similar or higher viability compared with the more common infections in less contaminated sites.

![Number of viable sporidia of *Microbotryum lychnidis‐dioicae* strains in an aliquot of spore cultures from a single anther from the control treatment, that is, that had not been experimentally irradiated, plotted against the ambient radiation level at the collection site of the fungal strains. Bars represent standard deviations. The dotted line represents the linear regression, which is not significant (*F* ~(1,7)~ = 1.98, *p* = .2, effect size = 0.47, *R* ^2^ = .22)](ECE3-10-6409-g002){#ece36376-fig-0002}

Experimental radiation treatment affected sporidia viability, with fewer sporidial colonies growing from the samples following 30 or 60 min of acute exposure than following no radiation exposure, showing that all fungal strains suffered from being exposed to radiation (Figure [3](#ece36376-fig-0003){ref-type="fig"}). Sporidia showed lower viability following increased radiation exposure, with a large effect size of 0.98 accounting for 97% of the variance (main effect of treatment: *F* ~(2,21)~ = 623.82, *p* \< .0001; Figure [3](#ece36376-fig-0003){ref-type="fig"}), with a reduction in viability of over 10‐fold following exposure to 515 Gy and over 1000‐fold following 1,031 Gy exposure (Figure [3](#ece36376-fig-0003){ref-type="fig"} with a log scale). Strains isolated from more contaminated sites showed significantly more, rather than less, negative effects of irradiation treatment (*F* ~(1,21)~ = 8.55, *p* = .008) in a similar way for the two radiation doses; that is, there was no significant interaction between the factors (*F* ~(2,21)~ = 2.90, *p* = .08; Figure [3](#ece36376-fig-0003){ref-type="fig"}). Effect size of contamination level was large at 0.54, accounting for 29% of the variance, and was intermediate for the interaction at 0.35, accounting for 12% of the variance.

![Effect of acute radiation exposure and degree of contamination at the field site from which *Microbotryum lychnidis‐dioicae* strains were collected on the viability of sporidia. Sporidial suspensions were exposed to a caesium‐137 γ source for 30 min (blue) or 60 min (red) at 17.178 Gy/min, resulting in total exposures of 515 or 1,031 Gy, respectively. Viable growing colonies were counted after being plated onto potato dextrose agar. Each point represents the difference in viability for each strain compared to its control that had not been exposed to radiation. Error bars represent standard deviations. Data were log‐transformed so a difference of −1 indicates a 10‐fold reduction in viability. The control sample originating from sites without field radiation is indicated at the left. ANCOVA revealed an effect of radiation treatment (*F* ~(1,14)~ = 351.36, *p* \< .0001) and of degree of radioactive contamination at the site of collection of the strains (*F* ~(1,14)~ = 8.55, *p* = .01, slope ± *SE *= −0.13 ± 0.04, model *R* ^2^ = .96). The effect sizes for the corresponding effects were 0.98 for the treatment effect and 0.54 for degree of radioactive contamination at the site of strain collection. The dotted lines represent the linear regression for the mean difference in the log‐transformed viable cell number between each irradiated plate and each control plate of the same strain, against the ambient radiation level at the collection site of the fungal strains](ECE3-10-6409-g003){#ece36376-fig-0003}

4. DISCUSSION {#ece36376-sec-0010}
=============

The nuclear disaster at Chernobyl provides a case study for the effects of chronic ionizing radiation on fitness of living organisms and on their ability to tolerate or evolve resistance to such radiation. In a previous study, we found that neither the budding rate of haploid spores following meiosis nor the karyotype structure varied with increasing radiation levels at sampled sites (Aguileta et al., [2016](#ece36376-bib-0001){ref-type="ref"}). This is consistent with our findings in the present study, where we found no difference in sporidia counts as a function of the field radiation level in the treatment without experimental radiation. We further assessed here the ability of the same *M. lychnidis‐dioicae* strains to perform their whole life cycle up to the production of symptoms in the plants, that is, the production of anthers full of fungal spores. We found that fungal strains from more contaminated sites infected host plants less well, indicating lower fitness likely due to radiation exposure. Such lower infection ability helps to explain previous field prevalence data (Aguileta et al., [2016](#ece36376-bib-0001){ref-type="ref"}), in which *Silene latifolia* plants castrated by *M. lychnidis‐dioicae* were found to be rarer at more contaminated sites. The lower infection ability that we found experimentally for strains originating from sites with higher radiation levels indeed suggests that these strains are less able to cause disease in the field, which explains why the disease is rarer at more contaminated sites. The previously reported lower pollinator abundance at more contaminated sites (Aguileta et al., [2016](#ece36376-bib-0001){ref-type="ref"}) also likely contributes to lower spore transmission rates for the pollinator‐borne *M. lychnidis‐dioicae,* and therefore lower disease prevalence. The effect size we found for the influence of field contamination level on infection success (0.528, 28% variance explained) is by any measure large (Cohen, [1988](#ece36376-bib-0008){ref-type="ref"}; Møller & Jennions, [2002](#ece36376-bib-0035){ref-type="ref"}). These findings show the importance of investigating the entire life cycle to detect fitness effects and concur with previous studies in showing that the fitness of living organisms is affected by radiation after nuclear disasters (Møller & Mousseau, [2015](#ece36376-bib-0037){ref-type="ref"}). Our previous studies detected no significant increases in genome‐wide nonsynonymous substitution rates with increasing field radiation levels (Aguileta et al., [2016](#ece36376-bib-0001){ref-type="ref"}), but a few deleterious mutations can be sufficient for important fitness effects.

We further assessed here whether fungal individuals from more contaminated sites tolerated experimental radiation better or worse. Not surprisingly, none of the strains we tested were able to tolerate extremely high‐dose exposures of 2,,000 Gy or more, which is much higher than what they experience in the field sites where they grow. We found no evidence that resistance to radiation had evolved within contaminated populations. This apparent lack of adaptive evolution over a 28‐year time span is perhaps not surprising given that *Microbotryum* fungi have low effective population sizes (Gladieux et al., [2011](#ece36376-bib-0021){ref-type="ref"}) and no melanized structures. The survival rate of sporidia actually even decreased with increasing level of contamination at the site whence the strains came, which suggests that the chronic radiation exposure during their lifetime also negatively affected their resistance to further acute radiation exposure (Omar‐Nazir et al., [2018](#ece36376-bib-0041){ref-type="ref"}). One can indeed imagine that DNA damage accumulated in the field would render further damage more deleterious. It is still however possible that resistance to chronic exposure has evolved, but is not efficient against the high experimental doses that we applied in this study. Other structures of the fungus that are more long‐lived than the haploid sporidia (Schäfer et al., [2010](#ece36376-bib-0048){ref-type="ref"}), such as the dark teliospores, or the dikaryotic mycelium within the plants, could, indeed, be more resistant to radiation, but we have not yet tested this because the mycelium is not cultivable.

We calculated effect sizes to help understand the magnitude of the effects of radiation on infection success and haploid spore viability in the anther‐smut fungus *M. lychnidis‐dioicae*. The effect sizes estimated as Pearson\'s product--moment correlation coefficients were in the range 0.34--0.98 for the nine tests presented in Results. These effects accounted for 12% to 97% of the variance. Møller and Jennions ([2002](#ece36376-bib-0035){ref-type="ref"}) reported a mean effect size of 5%--7% of the variance across all meta‐analyses in ecology and evolutionary biology. Hence, we can conclude that radiation, both experimental irradiation and the contamination level at the site from which these fungal strains were collected, had large, biologically meaningful effects on the biological processes we measured.

The findings of lower fitness of strains from more radiated sites and with no evidence of tolerance evolution to radiation generally concur with a previous meta‐analysis, showing that living organisms do not seem to rapidly evolve resistance to radiation exposure following nuclear disasters such as those in Chernobyl or Fukushima (Møller & Mousseau, [2016](#ece36376-bib-0038){ref-type="ref"}). Indeed, the microorganisms identified from highly radioactive sites in Chernobyl belong to groups characterized by resistance to UV damage as an adaptation to living on sunlight‐exposed surfaces, suggesting that their ability to tolerate radioactivity represents a preadaptation rather than an evolved response to the radioactivity in Chernobyl (Ragon, G, Moreira D, Møller AP, & López‐García P., [2011](#ece36376-bib-0043){ref-type="ref"}). Such adaptations may be related to efficient mechanisms for repairing damaged DNA, and for eliminating damaged proteins (Friedberg, Walker, & Siede, [1995](#ece36376-bib-0014){ref-type="ref"}). Fungi are generally known to have naturally high resistance to gamma radiation (Saleh et al., [1988](#ece36376-bib-0047){ref-type="ref"}), with basidiomycete and ascomycete yeasts identified as particularly resistant group (Shuryak, [2019](#ece36376-bib-0049){ref-type="ref"}; Zhdanova et al., [1991](#ece36376-bib-0055){ref-type="ref"}). Our results for *M. lychnidis‐dioicae* appear to concur with this. Indeed, this fungus seemed naturally quite resistant to radiation, with only a 10‐fold reduction in viability following 515 Gy exposure, compared with the fungus *Sporothrix schenckii*, for which no colonies could be recovered above exposure of 8 kGy (de Souza Lacerda, Martins, de Resende, & de Andrade, [2011](#ece36376-bib-0010){ref-type="ref"}). In general, fungi are extraordinarily resistant to ionizing radiation when compared to other eukaryotic organisms. Although there is considerable variation among species, cell type, and life history stage, the lethal dose needed to kill 50% of cells (i.e., LD50) ranges from 1 to over 3,000 Gy averaging around 1,500 Gy, while the LD100 (i.e., dose required to sterilize) can exceed 15,000 Gy in some species (Sommer, [1973](#ece36376-bib-0051){ref-type="ref"}). Studies on bacteria have found survival rates following 500 Gy radiation exposure that varied from about 10^--1^ to as low as 10^--6^ (Beblo‐Vranesevic et al., [2018](#ece36376-bib-0004){ref-type="ref"}). Bacteria associated with bird feathers from the Chernobyl area showed similar viability reduction at 500 Gy, but these bacteria were more resistant to higher doses of radiation than was *M. lychnidis‐dioicae* (Ruiz‐González et al., [2016](#ece36376-bib-0046){ref-type="ref"}). Overall, these results together with previous studies on microorganisms from Chernobyl show little evidence of adaptation to their radioactively contaminated environment (but see Ruiz‐González et al., [2016](#ece36376-bib-0046){ref-type="ref"}) despite the fact that microorganisms should show more rapid evolutionary responses than organisms with longer generation times and smaller effective population sizes. We clearly need additional studies of the long‐term evolutionary response to chronic environmental stresses such as the radioactive contamination caused by nuclear tests and accidents to understand and predict how organisms react to human‐induced environmental changes.
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###### 

Information on *Microbotryum lychnidis‐dioicae* strains used in this study: strain ID, GPS coordinates, date of collection, and radiation level measure (μSv/hr) at the collection site

+-----------+---------------------------+-----------------+--------------------+--------------------+
| Strain ID | Location                  | GPS coordinates | Date of collection | Radiation (μSv/hr) |
+===========+===========================+=================+====================+====================+
| 1101‐1    | Near Zalizia, Ukraine     | N51°8′60″       | September 2013     | 1.234              |
|           |                           |                 |                    |                    |
|           |                           | 51.26523        |                    |                    |
|           |                           |                 |                    |                    |
|           |                           | E30°7′12″       |                    |                    |
|           |                           |                 |                    |                    |
|           |                           | 30.212083       |                    |                    |
+-----------+---------------------------+-----------------+--------------------+--------------------+
| 1101‐2    | Near Zalizia, Ukraine     | N51°8′60″       | September 2013     | 0.240              |
|           |                           |                 |                    |                    |
|           |                           | E30°7′12″       |                    |                    |
+-----------+---------------------------+-----------------+--------------------+--------------------+
| 1101‐3    | Near Zalizia, Ukraine     | N51°8′60″       | September 2013     | 0.235              |
|           |                           |                 |                    |                    |
|           |                           | E30°7′12″       |                    |                    |
+-----------+---------------------------+-----------------+--------------------+--------------------+
| 1102‐1    | EcoCenter, Ukraine        | N51°12′36″      | September 2013     | 0.196              |
|           |                           |                 |                    |                    |
|           |                           | 51.268583       |                    |                    |
|           |                           |                 |                    |                    |
|           |                           | E30°0′0″        |                    |                    |
|           |                           |                 |                    |                    |
|           |                           | 30.3253         |                    |                    |
+-----------+---------------------------+-----------------+--------------------+--------------------+
| 1102--2   | EcoCenter, Ukraine        | N51°12′36″      | September 2013     | 0.165              |
|           |                           |                 |                    |                    |
|           |                           | E30°0′0″        |                    |                    |
+-----------+---------------------------+-----------------+--------------------+--------------------+
| 1103‐3    | Vesniane, Ukraine         | N51°18′600″     | September 2013     | 3.560              |
|           |                           |                 |                    |                    |
|           |                           | 51.31           |                    |                    |
|           |                           |                 |                    |                    |
|           |                           | E 29°38′263″    |                    |                    |
|           |                           |                 |                    |                    |
|           |                           | 29,637716       |                    |                    |
+-----------+---------------------------+-----------------+--------------------+--------------------+
| 1105      | Red Forest, Ukraine       | N51°13′48″      | September 2013     | 21.030             |
|           |                           |                 |                    |                    |
|           |                           | 51.3873         |                    |                    |
|           |                           |                 |                    |                    |
|           |                           | E30°2′23.999″   |                    |                    |
|           |                           |                 |                    |                    |
|           |                           | 30.059716       |                    |                    |
+-----------+---------------------------+-----------------+--------------------+--------------------+
| 1106      | Hilton, Ukraine           | N51°32′378″     | September 2013     | 0.080              |
|           |                           |                 |                    |                    |
|           |                           | 51.53963333     |                    |                    |
|           |                           |                 |                    |                    |
|           |                           | E21°10′427″     |                    |                    |
|           |                           |                 |                    |                    |
|           |                           | 31.173783       |                    |                    |
+-----------+---------------------------+-----------------+--------------------+--------------------+
| 1109      | Ecopolis, Ukraine         | N51°23′355″     | September 2013     | 0.050              |
|           |                           |                 |                    |                    |
|           |                           | 51.38925        |                    |                    |
|           |                           |                 |                    |                    |
|           |                           | E30°04′225″     |                    |                    |
|           |                           |                 |                    |                    |
|           |                           | 30.070416       |                    |                    |
+-----------+---------------------------+-----------------+--------------------+--------------------+
| 1161      | Chernobyl Village         | N51°33′000″     | June 2014          | 0.350              |
|           |                           |                 |                    |                    |
|           |                           | 51.55           |                    |                    |
|           |                           |                 |                    |                    |
|           |                           | E31°11′212″     |                    |                    |
|           |                           |                 |                    |                    |
|           |                           | 31.18686667     |                    |                    |
+-----------+---------------------------+-----------------+--------------------+--------------------+
| 1162      | Vesniane, Ukraine         | N51°10′48″      | June 2014          | 8.350              |
|           |                           |                 |                    |                    |
|           |                           | 51.31           |                    |                    |
|           |                           |                 |                    |                    |
|           |                           | E30°22′12″      |                    |                    |
|           |                           |                 |                    |                    |
|           |                           | 29.637716       |                    |                    |
+-----------+---------------------------+-----------------+--------------------+--------------------+
| 1163      | Ivankov, Ukraine          | N51°13′48″      | June 2014          | 0.080              |
|           |                           |                 |                    |                    |
|           |                           | 50.94105        |                    |                    |
|           |                           |                 |                    |                    |
|           |                           | E30°1′11.999″   |                    |                    |
|           |                           |                 |                    |                    |
|           |                           | 28.9093         |                    |                    |
+-----------+---------------------------+-----------------+--------------------+--------------------+
| 1164      | Voronkov, Ukraine         | N50°7′48″       | June 2014          | 0.030              |
|           |                           |                 |                    |                    |
|           |                           | 50.21895        |                    |                    |
|           |                           |                 |                    |                    |
|           |                           | E30°31′48″      |                    |                    |
|           |                           |                 |                    |                    |
|           |                           | 30.89823        |                    |                    |
+-----------+---------------------------+-----------------+--------------------+--------------------+
| 1165‐1    | Near Chernobyl, Ukraine   | N51°12′36″      | June 2014          | 0.050              |
|           |                           |                 |                    |                    |
|           |                           | 51.53963        |                    |                    |
|           |                           |                 |                    |                    |
|           |                           | E30°0′0″        |                    |                    |
|           |                           |                 |                    |                    |
|           |                           | 31.173783       |                    |                    |
+-----------+---------------------------+-----------------+--------------------+--------------------+
| 1165‐2    | Near Chernobyl, Ukraine   | N51°12′36″      | June 2014          | 0.050              |
|           |                           |                 |                    |                    |
|           |                           | E30°0′0″        |                    |                    |
+-----------+---------------------------+-----------------+--------------------+--------------------+
| 1142‐2    | Budaörs, Hungary          | 47°27′46.2″N    | June 2014          | Control: 0         |
|           |                           |                 |                    |                    |
|           |                           | 18°55′15.0″E    |                    |                    |
|           |                           |                 |                    |                    |
|           |                           | 47.462819,      |                    |                    |
|           |                           |                 |                    |                    |
|           |                           | 18.920830       |                    |                    |
+-----------+---------------------------+-----------------+--------------------+--------------------+
| 1191      | Bingen‐am‐Rhein, Germany  | 49°57′43.9″N    | August 2014        | Control: 0         |
|           |                           |                 |                    |                    |
|           |                           | 7°54′11.5″E     |                    |                    |
|           |                           |                 |                    |                    |
|           |                           | 49.962197,      |                    |                    |
|           |                           |                 |                    |                    |
|           |                           | 7.903181        |                    |                    |
+-----------+---------------------------+-----------------+--------------------+--------------------+
| 1192      | Monheim‐am‐Rhein, Germany | 51°05′59.9″N    | August 2014        | Control: 0         |
|           |                           |                 |                    |                    |
|           |                           | 6°54′13.2\"E    |                    |                    |
|           |                           |                 |                    |                    |
|           |                           | 51.099971,      |                    |                    |
|           |                           |                 |                    |                    |
|           |                           | 6.903672        |                    |                    |
+-----------+---------------------------+-----------------+--------------------+--------------------+

In strain ID, the first number is the collection number of the population in the laboratory and the second number is the ID of the strain in the population, when applicable. All strains were collected before November 2014, so the Nagoya protocol does not apply.
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###### 

Diseased rates after artificial inoculation experiments by *Microbotryum lychnidis‐dioicae* strains on host seedlings of *Silene latifolia* grown from seeds collected on the Paris‐Saclay University campus (Orsay, France) in summer 2015, before French laws on Nagoya protocols were ratified: strain ID, radiation‐level measure (μSv/hr) at the collection site, groups of radiation levels, number of diseased plants (with fungal spores in anthers), total number of flowering plants, and percentage of diseased plants

  Strain ID   Radiation (µSv/hr)   Groups of field radiation levels   No. of diseased plants   Total number of flowering plants   Percentage of diseased plant
  ----------- -------------------- ---------------------------------- ------------------------ ---------------------------------- ------------------------------
  1142‐2      0.00                 Control                            11                       31                                 35.5
  1191        0.00                 Control                            21                       27                                 77.8
  1192        0.00                 Control                            9                        25                                 36.0
  1164        0.030                Low                                6                        27                                 22.2
  1109        0.050                Low                                3                        26                                 11.5
  1165‐1      0.050                Low                                13                       32                                 40.6
  1165‐2      0.050                Low                                12                       28                                 42.9
  1163        0.080                Low                                9                        28                                 32.1
  1106        0.080                Low                                9                        29                                 31.0
  1102‐2      0.165                Low                                4                        28                                 14.3
  1102‐1      0.196                Low                                4                        27                                 14.8
  1101‐3      0.235                Low                                10                       25                                 40.0
  1101‐2      0.240                Low                                10                       35                                 28.6
  1161        0.350                Low                                11                       31                                 35.5
  1101‐1      1.234                High                               9                        32                                 28.1
  1103‐3      3.560                High                               5                        34                                 14.7
  1162        8.350                High                               6                        33                                 18.2
  1105        21.030               High                               10                       36                                 27\. 8
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###### 

Results of experimental radiation on *Microbotryum lychnidis‐dioicae* strains: strain ID, radiation‐level measure (μSv/hr) at the collection site and its log transformation, and the mean difference in the log‐transformed viable cell number between each irradiated plate and each control plate of the same strain, for the 30‐min (515 kGy) and 60‐min (or 1,031 kGy) irradiation treatments, with standard deviations (*SD*) when count repeats were available

  Strain ID   Radiation at origin   log (Radiation at origin + 0.001)   Mean log (number of viable cells) control ± *SD*   Mean (log number of viable cells in 30‐min exposure -- log number of cells in control) ± *SD*   Mean (log number of viable cells in 60‐min exposure -- log number of cells in control) ± *SD*
  ----------- --------------------- ----------------------------------- -------------------------------------------------- ----------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------
  1142        0                     −3.00                               5.45 ± 0.08                                        −0.93 ± 0.08                                                                                    −3.87 ± 0.06
  1192        0                     −3.00                               5.48 ± 0.05                                        −0.82 ± 0.08                                                                                    −3.03 ± 0.11
  1164        0.03                  −1.51                               5.28 ± 0.13                                        −1.07 ± 0.22                                                                                    −3.62 ± 0.12
  1102‐1      0.20                  −0.71                               5.50 ± 0.08                                        −1.08 ± 0.08                                                                                    −3.89 ± 0.09
  1101‐3      0.24                  −0.63                               5.57 ± 0.13                                        −1.29 ± 0.13                                                                                    −3.66 ± 0.12
  1101‐2      0.24                  −0.62                               5.48 ± 0.02                                        −1.26 ± 0.06                                                                                    −3.43 ± 0.27
  1101‐1      1.23                  0.09                                5.65                                               −1.51 ± 0.16                                                                                    −3.52 ± 0.13
  1162        8.35                  0.92                                5.41 ± 0.12                                        −1.68 ± 0.12                                                                                    −4.36 ± 0.22
  1105        21.03                 1.32                                5.70 ± 0.07                                        −1.50 ± 0.11                                                                                    −3.46 ± 0.06

John Wiley & Sons, Ltd
